New, low-lying levels in the odd-odd, N = Z nucleus 62 Ga have been identified using a sensitive technique, where in-beam γ rays from short-lived nuclei are tagged with β decays following recoil mass identification. A comparison of the results with shell-model and IBM-4 calculations demonstrates good agreement between theory and experiment, with the majority of predicted low-lying, low-spin T = 0 states now identified. There is a dramatic change in the level density at low excitation energies for the N = Z nucleus 62 Ga when compared with neighbouring odd-odd Ga isotopes where, in contrast, the low-lying level structure is dominated by configurations with T = 1 pairing interactions between excess neutrons. This illustrates the distinctively different aspects of nuclear structure exhibited by nuclei with N = Z.
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Self-conjugate nuclei play an especially important role in nuclear structure. A recent example is the observation of a highly enhanced Gamow-Teller β-decay transition from the ground state of the heaviest known N = Z nucleus, 100 Sn [1] . In such nuclei, the protons and neutrons occupy the same orbitals resulting in strong spatial overlap, and leading to amplification of nuclear structure effects. Odd-odd, N = Z nuclei have a specific importance as states with isospin T = 0 and T = 1 have similarly low excitation energies.
Indeed, above 40 Ca, 58 Cu is the only known odd-odd N = Z nucleus with a T = 0 ground-state configuration [2] . Many theoretical frameworks have been developed to probe the structure of heavy N = Z nuclei, including shell-model calculations either with a direct diagonalisation of the Hamiltonian [3] or using Monte Carlo techniques [4, 5] , BCS or HFB calculations extended to incorporate T = 0 and T = 1 pairing correlations [6, 7] , and Isospin Invariant Interacting Boson Model calculations (IBM-4) [8] . A higher density of low-lying, T = 0 states is predicted in all calculations of odd-odd N = Z nuclei than currently observed. This is not thought to represent intrinsic deficiencies in the models, but rather a selectivity in * Corresponding author. the levels identified by experiments performed to date [8] . In the current Letter, we report new results on the low-lying structure of the odd-odd, N = Z nucleus 62 Ga using a sensitive experimental technique, wherein a variation of the recoil decay tagging method (RDT) [9, 10] using positrons as the tag (RBT) [11, 12] has been allied with a mass-separator device for the first time, thus allowing extremely clean γ -ray spectra to be generated. The low-lying yrast level structure of 62 Ga was first identified by Vincent et al. in a γ -ray spectroscopy study using a heavy-ion fusion-evaporation reaction [13] . This structure was confirmed, and a number of non-yrast T = 0 states were identified in 62 Ga for the first time, in a measurement by Rudolph et al. [14] . In the latter work [14] , potential candidates for low-lying T = Tagging with short-lived β decays has been successfully implemented previously, but allied to a gas-filled rather than massseparator device, where an additional selection of β decays with high-energy positrons was applied for background reduction [11, 12] . Here, the use of mass separation largely eliminates the flux of strongly-produced, non-isobaric residues at the focal plane, allowing direct mass selection (and identification) of the recoils. The reduced background of both implant and decay events at the focal plane greatly improves the cleanliness of correlations between short-lived implanted ions and their subsequent decays, allowing the generation of extremely clean γ -ray spectra without relying on the detection of high-energy positrons. The present experiment was performed with newly-installed digital acquisition systems for Gammasphere, the FMA ancillary detectors and the DSSD, based on the electronics developed for the GRETINA array [18] . Low event rates allowed the experiment to be carried out with a trigger requirement of a single signal in either Gammasphere or the DSSD, resulting in a maximum flexibil- (21) ms [19] ). The position of the β decay is defined as the DSSD pixel where a maximum energy is deposited, since the β particles in general have a long range compared to the pixel dimensions. Choosing a smaller correlation area was found to reduce the correlation efficiency and was not needed for background reduction purposes. A spectrum of background lines from isotopes such as 62 Zn (T 1/2 ∼ 9 hours) and 58 Ni (stable), produced in the 2p and α2p evaporation channels, was obtained by correlating recoils with β decays occurring between 1 and 1.4 s after implantation. This spectrum was subtracted from that in Fig. 2 . There is, for example, no evidence in 62 Ga [19] . Fig. 2 , therefore, represents an essentially pure spectrum of 62 Ga.
Looking at the peaks annotated in Fig. 2 , one can see three transitions not reported in earlier studies [13, 14] at energies of 183, 590 and 979 keV. The 590-keV γ ray was observed in coincidence with the known 571-keV transition from the first excited Table 1. state to the ground state, but not with other higher-lying yrast transitions, as shown in Fig. 3(a) . This indicates that this 590-keV line feeds the 1 + state at 571 keV directly from a new, low-lying level at 1161 keV. The direct feeding is confirmed by the line shape of the 571-keV γ ray in Fig. 3(a) , which does not exhibit the low-energy tail observed for this transition when fed through the 3 + yrast level at 817 keV (see Fig. 1 ), which is isomeric with T 1/2 = 3.2(11) ns [13] . A value of R 32:90 = 0.72(21) for the 590-keV transition rules out a stretched-E2 character at the 2σ level and is consistent with I = 1 dipole radiation. The ∼ 200-keV energy difference between the 2 + state at 954 keV in 62 Zn and the level at 1161 keV in 62 Ga precludes a T = 1 assignment for the latter state. The 1161-keV level is, therefore, assigned as T = 0. The expected dominant branch from the lowest-lying T = 0, 2 + level is to the first excited 1 + state [14] , consistent with the dominant 590-keV γ ray from the newly-observed 1161-keV state. No direct branch to the ground state is predicted from this level [14] , which is consistent with its non-observation here. are not expected this low in excitation energy. A 1 + assignment is consistent with the observation of a 979-keV γ ray reported by
Grodner et al. [20] following the β decay of 62 Ge (although, in this case, no level scheme was reported), implying an allowed GamowTeller transition to the 979-keV state. [14] . The known 908-keV line links to a higher-lying 8 + state at 3921 keV, as assigned in [14] . Here, a new 1513-keV transition is observed from a level at 2674 keV that links to the new 1161-keV state. This implies a sequence of three stretched-E2 transitions starting from the 8 + , 3921-keV level and ending on the 2 + state at 1161 keV. Rudolph et al. proposed possible 6 + or 7 + assignments to the 3014-keV level, consistent with the 6 + assignment proposed here [14] . The present data require the existence of a 4 + state at 2674.0(17) keV. Rudolph et al. [14] reported a level at 2674.5(3) keV, based principally on a low-intensity transition at 1481 keV, with I = 1 character, to the 5 + yrast state at 1193 keV.
No evidence was found for such a transition, but it would likely be on the margins of observability in the present experiment. Hence, no firm conclusion can be drawn on its existence. Such a transition would be consistent with the current 4 + assignment for the 2674-keV level, although I = 6 is assigned in [14] , presumably based on yrast feeding arguments. The known 622-keV transition from the decay of the 1439-keV level [14] is observed as a weak peak in Fig. 3(c) , suggesting an unobserved link with the state at 2674 keV. In the work of Rudolph et al. [14] , a very weak linking transition at 1236 keV was tentatively reported, which would most likely be beyond the limit of sensitivity here. Returning to the 979-keV transition, coincidence relationships are clearly found with a new γ ray at 596 keV (see Fig. 3(b) ), implying a new low-lying level at 1575 keV. The 596-keV line is also evident as a high-energy tail on the 590-keV peak in the γ -ray singles data. The existence of this 1575-keV level is supported further by the observation of a weak line at 1004 keV, see inset of Fig. 2 , which is found to be coincident with the 571-keV, 1 + → 0 + transition. The statistics are too low for both transitions from the 1575-keV state to draw any conclusion based on the angular distributions. A new γ ray at 1233 keV was also observed in coincidence with the 979-keV transition, as seen in Fig. 3(b) , and assigned to the decay of a new state at 2212 keV.
Concerning the high-lying yrast structure, γ rays at 1746.2(8) keV and 1389.7(8) keV were observed in coincidence with yrast transitions, allowing an extension of the yrast band reported in [13, 14] to states at 8587.7(11) keV and 9977.4 (15) keV. This is in agreement with yrast transitions at 1747 and 1387 keV (3) 1236 (1) 2674.0 (17) 1481(1) 1513.0 (17) 7 (3) 4 + 2 + 2989.4 (9) 1796.5 (9) 10 (1 c Relative intensity estimated using γ -ray coincidences.
d Transition observed in the current work and placed in the level scheme based on previous observations reported in Ref. [14] . e A possible 5 + assignment was also considered for this state in Ref. [14] , but was "rejected due to the predicted [higher] energy".
previously reported in Ref. [21] . A summary of the transitions and levels reported here is found in Table 1 and compared with the data of Rudolph et al. [14] . In general, the agreement between the two studies is good. The observation of the new, low-lying levels in the present study is most notable. The present methodology provides particularly clean identification of the specific reaction channel corresponding to 62 Ga, allowing almost background-free singles γ -ray data. In comparison, Rudolph et al. [14] detected light evaporation particles for channel selection. This results in higher efficiency, but relatively increased background from more strongly-produced reaction channels. Consequently, triple coincidences were required, in general, to generate clean γ -ray spectra for 62 Ga. This latter approach is, therefore, most sensitive to strong, high-multiplicity cascades of γ rays.
The 1017-keV state is particularly interesting as it was tentatively assigned as the lowest-lying T = 1, 2 + state by Rudolph et al. [14] . This level was identified through a 446-keV, I = 1 transition to the first excited 1 + state at 571 keV in γ -γ coincidence data. The signature for the T = 1, 2 + state would be a relatively pure isovector M1 transition to the T = 0, yrast 1 + level and a direct stretched-E2 decay to the ground state [14, 22] (the latter branch was not observed in [14] , as discussed below). In contrast, the T = 0, 2 + level is predicted to have a strong E2 admixture to the yrast 1 + state and no branch to the ground state [14] .
A 1017-keV γ ray was indeed subsequently observed in a study of the β decay of 62 Ge by Grodner et al. [20] , although no assign- [20] , therefore, lends further support to a T = 1, 2 + assignment for the 1017-keV level. In the in-beam γ -γ coincidence data, observation of the branch to the ground state is challenging since this direct decay is not coincident with yrast transitions. This branch is not seen in the present experiment in the singles spectrum of Fig. 2 , but neither is the weak 446-keV line which is only observed in the γ -γ coincidence data (see Table 1 ), in agreement with the study of Ref. [14] . In the experiment of Ref. [20] there is significant background at energies below 511 keV, which hinders the observation of the 446-keV transition and no such line is reported [20] . It would be desirable, in future work, to observe both decay transitions in the same experimental study.
Considering the T = 1, 2 + assignment favoured for the 1017-keV level, this implies a positive Coulomb Energy Difference (CED) of 63 keV compared to the analogous state at 954 keV in 62 Zn [24] .
A positive shift is in keeping with trends observed for N = Z nuclei in both the sd and fp shells, although the value itself is rather large compared with the 20-30-keV shifts exhibited by nuclei with similar mass [11] . Fig. 4 compares the low-lying levels in 62 Ga with shellmodel [8, 13] and IBM-4 [8] calculations. The former calculation incorporates an existing effective interaction in the pf 5/2 g 9/2 space obtained by the Strasbourg group (see [25] and references therein). The IBM-4 Hamiltonian is also obtained from this effective interaction by a mapping procedure that relies on the existence of approximate shell-model symmetries [8] . There are no parameters involved in this mapping, except an overall scaling of all interaction matrix elements required for the energy renormalisation attributed to truncation effects in the calculation [8] . It should be noted that the IBM-4 calculation does not include high-spin, T = 0 bosons.
Hence, for example, the yrast 5 + state obtained in the shell-model calculation is not present. Levels of agreement between theory and experiment are good at low excitation energies, with all of the predicted lowest-lying, T = 0 levels with I π = 1 + -5 + now reported. Juillet et al. caution that the lowest-lying T = 0, 0 + state predicted by the IBM-4 calculation, which is much lower in energy than the shell-model result, may have "an important spurious component" [8] . In any event, as this level would be highly non-yrast and unlikely to be fed in heavy-ion fusion reactions, there is no implied conflict between theory and experiment by its non-observation. The relative ordering of the lowest-lying states is well reproduced by theory, although differences in absolute energies are evident and the calculated level energies are somewhat compressed compared with the empirical observations (see Fig. 4 ). At excitation energies below 1.5 MeV, at least one predicted T = 0, 2 + level remains unreported, as well as the third 1 + state. Large-scale shell-model calculations carried out by Petermann et al. [26] predict substantial GamowTeller strength to three low-lying 1 + levels. We note that the γ ray observed at 1247 keV following the β decay of 62 Ge [20] suggests a candidate for the third 1 + state at 1247 keV.
In summary, the majority of the low-lying, T = 0 states in the odd-odd, N = Z nucleus 62 Ga have now been observed. Good agreement is demonstrated between theory and experiment regarding the level ordering, although calculated energies are shifted with respect to empirical observations. It is clear that there is a dramatic transition between the relatively low level density observed in this N = Z nucleus when compared to neutron-rich, odd-odd Ga isotopes (e.g. 64 Ga and 68 Ga, for which ∼ 30 [27] and ∼ 60 [28] states have been observed up to 1.7 MeV, respectively), where configurations with T = 1 pairing interactions between excess neutrons are expected to dominate the low-lying level structure [29] . Interesting evidence for such behaviour has been noted for neighbouring heavier odd-odd N = Z nuclei, though in these cases shell-model calculations were not available for comparison with the observed low-lying levels [30] . The present results, therefore, provide a striking example of the special features of N = Z nuclei, which exhibit distinctively different aspects of nuclear structure in comparison to their neighbours.
